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An  analysis  of  the  valence  and  conduction  band  electronic  structure  of  Ti02  as  studied  by  ultraviolet 
photoemission  spectroscopy  (UPS)  and  x-ray  absorption  spectroscopy  (XAS)  using  synchrotron 
radiation  is  reported.  Valence  band  spectra  from  UPS  have  been  deconvolved  using  a  five-peak 
model.  The  spectra  are  interpreted  based  on  the  peak  assignments  to  the  XAS  data  and  the 
symmetries  of  the  valence  band  states.  The  interpretation  is  consistent  with  theoretical  calculations 
of  molecular  orbitals  found  in  the  literature.  The  removal  of  the  r/-state  degeneracies  that  arise  from 
a  collective  Jahn-Teller  splitting  of  the  crystal  field  split  t2g  and  e?  states  is  observed  and  scales  with 
the  conduction  band  results  from  the  absorption  data.  These  Jahn-Teller  derived  energy  separations 
are  present  in  the  O  Kl  and  Ti  L3  spectra  but  are  not  resolved  in  the  photoemission  valence  band 
spectra.  Two  defect  states  are  clearly  observed  —0.7  and  2.0  eV  above  the  valence  band  edge  and 
are  attributed  to  the  presence  of  oxygen  atom  vacancies  that  are  described  in  terms  of  Ti3+  states. 
©  2007  2007.  [DOI:  10.1063/1.2764004] 


I.  INTRODUCTION 

The  electronic  structure  of  Ti02  has  been  widely  studied 
due  to  its  importance  as  an  industrial  catalyst  in  thermal  or 
photoinduced  chemical  reactions.  ’  Thorough  reviews  of  the 
surface  properties  and  electronic  structure  of  Ti02  are  avail¬ 
able  in  the  literature.3'4  Many  studies  have  employed  single 
crystals  of  Ti02  and  controlled  ion  bombardment  or  oxida- 
tion  to  characterize  surface  structure  and  defects.'  Results 
have  generally  been  interpreted  within  an  extended  picture 
incorporating  the  bulk  and  surface  band  structures.  More  re¬ 
cently,  interest  in  the  inclusion  of  Ti02  and  other  group  IVB 
transition  metal  oxides  (Zr02,  Hf02)  in  high-dielectric- 
constant  (“high-k”)  gate  stacks  for  advanced  metal  oxide 
semiconductor  field  effect  transistors  (MOSFETs)  has  made 
it  useful  to  revisit  these  material  systems.  These  applications 
require  deposited  films,  which  are  generally  nanocrystalline 
in  character.  Hence,  an  understanding  of  the  local  bonding  in 
these  oxides,  including  grain  boundary  formation,  defect  be¬ 
havior,  and  scales  of  order,  is  essential  to  the  successful 
implementation  of  high-k  devices. 

g 

Ti02  has  a  very  high  k  value1  of  50-80  but  is  thermally 

unstable  on  Si,  where  it  reacts  to  form  Si02,  TirOv,  and 

9  ^ 

possibly  Ti  silicide  phases.  In  addition,  the  polycrystalline 
habit  of  many  transition  metal  oxides  can  create  leakage 
paths  during  device  operation.  Transmission  electron  micros¬ 
copy  of  group  IVB  transition  metal  (TM)  oxide  films  depos¬ 
ited  by  remote  plasma-enhanced  chemical  vapor  deposition 
or  reactive  evaporation  has  revealed  nanocrystallinity  with 
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grain  sizes  of  approximately  2  nm. 10  X-ray  diffraction  cannot 
detect  order  on  this  scale.  While  none  of  the  group  IVB 
oxides  provides  an  independent  solution  for  advanced  MOS- 
FET  gate  dielectrics,  the  research  on  alloys  of  these  materials 
with  other  oxides  is  still  in  an  early  phase  and  remains  prom¬ 
ising.  Silicon  oxynitride  alloys  containing  Hf  and  Ti  have 
recently  been  shown11  to  suppress  the  phase  separation  that 
occurs  under  standard  processing  temperatures  in  the  silicate 

12  13 

alloys  of  group  IVB  transition  metals.  ’ 

Before  the  value  of  TM  oxides  or  their  alloys  for 
MOSFET  applications  can  be  justified,  an  understanding  of 
the  physical  and  electronic  structure  of  the  constituent  mem¬ 
bers  must  be  developed.  Though  the  physical14-16  and  elec- 
tronic  properties'  '  of  Ti02  have  been  the  subject  of 
previous  studies,  the  resolution  offered  by  the  present  studies 
reveals  the  local  physical  origin  of  the  electronic  structure  in 
nanocrystalline  films.  Ti02  has  further  been  chosen  as  a 
natural  starting  point  to  understand  other  TM  oxides  of  in¬ 
terest  to  the  MOSFET  community.  In  this  article,  we  study 
the  valence  and  conduction  band  electronic  properties  of 
Ti02  using  ultraviolet  photoemission  spectroscopy  (UPS) 
and  x-ray  absorption  spectroscopy  (XAS)  and  interpret  our 
experimental  results  with  molecular  orbital  theory. 

II.  EXPERIMENTAL 

The  samples  were  prepared  from  heavily  doped  n-type 
Si  (100)  substrates  of  25  mm  diameter.  The  substrates  were 
introduced  directly  into  a  molecular  beam  deposition  (MBD) 
system  under  ultrahigh-vacuum  (UHV)  conditions,  without 
removal  of  the  native  oxide.  Growth  of  the  transition  metal 
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oxide  (Ti)  was  accomplished  by  simultaneous  electron-beam 
evaporation  of  the  titanium  onto  the  substrates  in  an  atmo¬ 
sphere  of  2  X  10-6  Torr  of  02.  The  metal  deposition  rate  was 
monitored  using  a  Sycon  Instruments  STM- 100  crystal 
monitor  located  close  to  the  evaporation  source.  A  shutter 
was  used  to  control  the  onset  and  exposure  time  of  the  sub¬ 
strates  to  the  evaporating  metal.  Oxide  film  thickness  was 
determined  from  the  molar  density  of  the  metal  and  metal 
oxide,  and  the  measured  deposition  rate  and  exposure  time. 
Assuming  that  the  film  undergoes  complete  oxidation,  the 
oxide-to-metal  thickness  ratio  is  2:1  for  Ti02.  This  assump¬ 
tion  has  been  verified  by  XPS  studies  of  the  substrate  Si  2 p 
core -level  spectra  with  film  thickness.  The  oxide  films  used 
in  this  study  were  approximately  50  A  thick.  Initial  in-situ 
x-ray  photoelectron  spectroscopy  was  used  to  confirm  the 
Ti02  composition. 

After  growth  of  the  films,  the  substrates  were  split  in 
two,  with  one  half  undergoing  annealing  at  800  °C.  Another 
set  of  samples,  annealed  at  900  °C,  were  prepared  for  x-ray 
absorption  studies  (XAS).  All  samples  were  transported  in 
air  from  the  growth,  processing,  and  characterization  system 
to  separate  facilities  for  XAS  and  ultraviolet  photoemission 
spectroscopy  (UPS).  The  XAS  measurements  were  per¬ 
formed  at  the  10-1  beamline  of  the  Stanford  Synchrotron 
Research  Laboratory  (SSRL)  at  the  Stanford  Linear  Accel¬ 
erator  Center  (SLAC).  This  beamline  features  a  spherical 
grating  monochromator  and  a  wiggler  source.  The  slit  widths 
were  set  to  give  a  resolution  of  100  meV  at  500  eV  photon 
energy.  All  measurements  employed  a  total  photoelectron 
yield  approach  to  measure  the  absorption  by  recording  the 
sample  drain  current.  Photon  flux  was  similarly  determined 
by  measuring  the  total  electron  yield  from  an  80%  transmis¬ 
sive  gold  grid.  To  correct  for  energy  shifts  of  the  monochro¬ 
mator,  a  reference  sample  containing  a  series  of  oxidized  3d 
transition  metals  was  measured  in  parallel  with  that  of  the 
Ti02  sample. 

In  previous  papers,  the  abbreviation  SXPS,  for  soft  XPS, 
has  been  applied  to  valence  band  spectra  similar  to  those 
shown  in  this  paper.  However,  the  term  UPS  is  used  here 
because  of  the  relatively  low  photon  energies.  The  UPS  mea¬ 
surements  were  performed  at  the  U4A  beamline  of  the  Na¬ 
tional  Synchrotron  Light  Source.  This  beamline  is  equipped 
with  a  set  of  spherical  grating  monochromators  which  pro¬ 
duce  a  tunable  photon  beam  of  10-250  eV.  Photoelectron 
kinetic  energies  were  measured  using  a  VSW  100  mm  hemi¬ 
spherical  analyzer  operating  at  a  fixed  45°  angle  to  the  pho¬ 
ton  beam  axis,  and  in  fixed  pass  energy  mode.  Spectra  were 
acquired  in  normal  emission  geometry  (90°  take-off  angle). 
The  beamline  and  analyzer  were  set  up  to  give  an  instrumen¬ 
tal  resolution  of  0.17  eV.  Because  of  the  surface  sensitivity  of 
UPS,  each  sample  was  degassed  by  heating  to  —200  °C  to 
remove  surface  adsorbates,  primarily  water.  Valence  band 
spectra  were  obtained  for  each  sample  at  photon  energies  of 
40  eV  and  60  eV.  Si  2 p  core  level  spectra  were  measured  for 
each  sample  with  a  photon  energy  of  150  eV  to  determine  if 
Si  was  incorporated  into  the  film.  For  each  change  of  the 
photon  energy,  a  reference  Fermi  energy  was  measured  on  a 


photon  energy  (eV) 


FIG.  1.  (a)  O  K ]  XAS  data  for  Ti02.  (b)  O  Kl  second  derivative  spectra  of 
Ti02.  Arrows  indicate  Jahn-Teller  split  states. 


gold  sample  attached  to  the  same  sample  mount.  The  exact 
photon  energy  was  confirmed  by  measuring  this  reference 
with  both  first-  and  second-order  light. 

III.  RESULTS 
A.  XAS  results 

Shown  in  Fig.  1  is  the  O  K ,  XAS  spectrum  for  Ti02 
annealed  at  900  °C.  Four  main  features  can  be  seen  in  addi¬ 
tion  to  the  edge  at  529  eV.  The  O  Kx  (more  often  simply 
referred  to  the  O  K  spectrum)  involves  transition  from  the  O 
I  ,v  core  state  to  molecular  orbital  (MO)  states  of  the  Ti02 
nanocrystallites,  O  2 p  anti-bonding  states.  Since  these  are 
MO  states  of  the  crystal,  they  also  include  spectral  features 
that  reflect  the  mixing  of  the  Ti  3d,  4s,  and  4 p  states,  because 
states  with  these  symmetries  also  comprise  the  valence  band 
bonding  states.  The  O  K\  spectrum  includes  two  distinct 
and  relatively  sharp  peaks  located  at  530.5  eV  and  533.1  eV, 
labeled  I  and  II,  that  are  associated  with  Ti  3d  states,  and  two 
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photon  energy  (eV) 


Ti  L3  ^/-derived  energies  (eV) 


FIG.  2.  (a)  spectrum  of  Ti02.  (b)  Plot  of  the  O  K{  -derived  features  versus 
the  Ti  L.  peaks. 

broad  features  at  about  539  eV  and  544  eV  labeled  III  and  IV 
that  are  associated  with  Ti  4s  and  4 p  states.  Though  peaks  I 
and  II  are  relatively  sharp,  they  are  also  noticeably  asymmet¬ 
ric.  The  second  derivative  of  the  spectrum,  shown  in  Fig. 
1(b),  reveals  that  these  two  peaks  are  comprised  of  five  un¬ 
derlying  features  at  529.65  eV,  530.5  eV,  531.6  eV,  533.1  eV, 
and  534.1  eV.  In  Fig.  2(a),  the  Ti  L3  spectrum  of  Ti02  is 
shown.  The  transitions  in  the  L3  spectrum  are  from  the  Ti 
2 p3/2  spin  orbit  split  states  to  Ti  3d  t2g  and  eg  final  states 
which  display  Jahn-Teller  splittings.  Five  features  are  distin¬ 
guishable.  The  peaks,  labeled  I  through  V,  are  at  455.4  eV, 
456.10  eV,  457.0  eV,  458.6  eV,  and  459.8  eV.  A  plot  of  the  O 
K\  spectrum  energies  of  the  five  features  comprising  peaks  I 
and  II  versus  the  Ti  L3  spectrum  energies  for  peaks  I  through 
V  is  given  in  Fig.  2(b).  The  plot  is  linear  and  has  a  slope  of 
unity. 

B.  UPS  studies 

The  silicon  content  of  the  Ti02  samples  was  estimated  at 
less  than  2%  based  on  initial  in-situ  XPS  characterization. 


binding  energy  (eV) 


FIG.  3.  Ultraviolet  photoelectron  valence  band  spectra  of  Ti02  at  60  eV  and 
40  eV  photon  energies.  Five  peaks  are  shown  from  fits  to  the  data. 

indicating  that  the  films  were  thick  enough  to  avoid  signifi¬ 
cant  substrate  or  native  substrate  oxide  contributions  to  the 
data.  They  were  also  thin  enough  to  avoid  significant  charg¬ 
ing  problems  when  exposed  to  the  higher  photon  flux  avail¬ 
able  at  the  synchrotron.  A  systematic  change  of  the  photon 
flux  by  two  orders  of  magnitude  revealed  a  shift  of  less  than 
0. 1  eV  in  the  measured  photoelectron  kinetic  energy.  This  is 

consistent  with  previous  studies  of  similar  oxides  at  U4A  that 

°  21 

have  shown  negligible  charging  for  films  below  —75  A." 

Shown  in  Fig.  3  are  the  valence  band  spectra  obtained 
from  UPS  at  60  eV  and  40  eV  photon  energies.  The  spectra 
have  been  normalized  by  height  and  referenced  to  the  Fermi 
level  of  the  gold  reference  sample.  The  valence  band  data 
have  been  fit  using  a  model  of  five  Gaussian  peaks,  as  dis¬ 
cussed  below.  A  simple  background  of  the  form  a  +  cxd  was 
used  in  the  fits  and  has  been  subtracted  from  the  spectra.  The 
five-peak  model  for  fitting  the  valence  band  region  of  the 
spectra  was  chosen  based  on  the  expected  contributions  from 


binding  energy  (eV) 


FIG.  4.  UPS  valence  band  spectra  of  Ti02  on  a  logarithmic  scale.  Two 
defect  peaks  are  observed  above  the  valence  band  edge. 
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TABLE  I.  Binding  energy  of  valence  band  peaks  and  band  edge.  A d  is  the  separation  between  peaks  II  and  III. 


hv 

Peak  I  (eV) 

Peak  II  (eV) 

Peak  III  (eV) 

Peak  IV  (eV) 

Peak  V  (eV) 

Edge  (eV) 

A  d 

60  eV 

4.24 

5.21 

7.28 

10.48 

12.89 

3.02 

2.07 

40  eV 

4.25 

5.18 

7.17 

10.48 

12.96 

2.93 

1.99 

the  molecular  orbitals  that  comprise  the  valence  bonding 
states. 20  The  model  was  also  justified  for  empirical  reasons; 
for  example,  use  of  a  four-peak  model  does  not  adequately  fit 
the  valence  band  edge,  and  a  six-peak  model  does  not  further 
improve  the  quality  of  the  fits.  Though  barely  discernable  to 
the  eye  in  Fig.  3,  a  log  plot  of  the  spectra  (Fig.  4)  unambigu¬ 
ously  reveals  two  additional  peaks  above  the  valence  band 
edge.  Thus,  the  full  model  for  fitting  the  spectra  employed  a 
seven-peak  fit  to  these  data.  To  maintain  a  physically  rel¬ 
evant  model  of  the  data,  an  excess  of  free  parameters  must  be 
avoided.  An  iterative  fitting  procedure  was  thus  adopted.  The 
spectra  were  first  fit  using  a  full  seven-peak  model  (five  for 
the  valence  band  and  two  above  the  band  edge)  while  allow¬ 
ing  the  parameters  to  adjust  freely.  Following  this  step,  the 
peaks  in  the  valence  band  were  fixed  while  the  two  peaks 
above  the  edge  were  fit  separately,  limiting  the  range  of  the 
fits  to  this  region.  Finally,  these  two  peaks  were  held  con¬ 
stant,  and  the  valence  band  portion  of  the  spectra  was  refit. 
The  background  exponent  was  also  fixed,  based  on  informa¬ 
tion  gathered  from  fits  of  these  two  spectra  and  from  fits  of 
alloys  of  Ti02  and  Hf02.22 

Results  of  the  fits  are  given  in  Tables  I  and  II.  All  bind¬ 
ing  energies  are  given  with  respect  to  the  Fermi  level. 
Though  the  presence  of  electronically  active  band  gap  bond¬ 
ing  defect  states  near  the  valence  band  edge  prevent  an  exact 
determination  of  the  edge  and  offset  positions,  the  approxi¬ 
mate  position  of  the  valence  band  edge  is  given  for  compari¬ 
son  with  other  studies.  This  value  was  determined  as  the 
binding  energy  at  which  the  intensity  of  the  highest  valence 
band  peak  has  risen  to  3%  above  the  baseline  after  the  defect 
states  were  subtracted.  A  quantitatively  similar  technique  is 
used  by  Sayan  et  al.  ~  In  previous  studies,  similarly  doped 
silicon  substrates  with  a  native  oxide  film  have  been  found  to 
have  a  valence  band  maximum  at  0.85  eV  below  the  Fermi 
level.  This  corresponds  to  a  Hatband  condition  and  would 
give  a  valence  band  offset  of  2.13  eV  for  Ti02.  The  conduc¬ 
tion  band  offset,  based  on  an  Eg  estimate  of  3.2  eV  for  Ti02 
(anatase),  is  therefore  ~0  eV.  This  extrapolated  value  for 
Ti02  is  also  in  agreement  with  previous  measurements."4 
The  positions  of  the  defect  peaks,  at  1.0  eV  and  2.3  eV  below 
the  Fermi  level,  respectively,  have  not  been  included  in  the 
table.  Peak  areas  normalized  to  the  photon  flux  are  displayed 
in  Table  II.  The  most  noticeable  result  is  the  increase  in  the 

TABLE  II.  Areas  and  widths  of  peaks  I  through  V. 


peak  intensities  for  the  spectra  acquired  at  40  eV  compared 
to  those  acquired  at  60  eV.  This  is  expected  based  on  the 
increase  in  the  photoemission  cross  sections  of  the  Ti  3d  and 
O  2 p  atomic  levels.  The  agreement  is  solely  qualitative 
since  cross  sections  of  the  molecular  orbitals  are  inherently 
different  from  the  contributing  atomic  photoemission  cross 
sections.  Slight  differences  in  the  relative  peak  intensities  are 
also  observed,  as  seen  in  the  normalized  spectra  of  Fig.  3. 
Compared  to  peak  III,  the  intensities  of  peaks  I  and  II  in¬ 
crease  and  the  intensities  of  peaks  IV  and  V  decrease  when 
the  incident  photon  energy  is  changed  from  40  eV  to  60  eV. 

A  fit  of  the  800  °  C  annealed  Ti02  sample  data  acquired 
at  60  eV  photon  energy  is  given  in  Fig.  5.  The  model  used  to 
fit  the  spectra  from  the  as-grown  film  was  inadequate  for  the 
annealed  sample.  An  additional  peak  was  necessary  in  the 
region  corresponding  to  peak  III  of  Figs.  3  and  4.  This  cor¬ 
respondence  has  been  highlighted  by  showing  the  sum  of  the 
two  peaks,  which  appears  as  a  bold  line  in  Fig.  5.  An  itera¬ 
tive  fitting  procedure  similar  to  the  one  described  above  was 
also  employed  in  this  fit  to  maintain  a  physically  relevant 
model  of  the  data. 

IV.  DISCUSSION 

Chemical  bonding  in  transition  metal  oxides  is  well- 
described  by  molecular  orbital  theory.20'26  Local  electronic 
structure  associated  with  c/-state  contributions  close  to  the 
valence  and  conduction  band  edges  dominates  over  the  ef¬ 
fects  of  periodicity  in  determining  many  electronic  and  opti¬ 
cal  properties.  Hybridization  among  the  outer  s,  p,  and  d 
atomic  orbitals  of  the  metal  atoms  allows  cr  and  7r  molecular 
orbitals  to  form  with  the  O  2 p  levels.  Crystal  field  splitting 
separates  the  TM  d  states  into  a  triply  degenerate  state  of  f2„ 
symmetry  and  a  doubly  degenerate  state  of  eg  symmetry. 
lahn-Teller  effects  remove  the  degeneracy  of  the  TM  d 
states,  giving  the  valence  and  conduction  bands  their  rich 
structure."6  In  Ti02,  the  Ti  atoms  form  distorted  octahedra 
(sixfold  coordination)  with  the  oxygen  atoms  and  display  a 
high  degree  of  covalency  in  their  bonding."  Due  to  the  crys¬ 
tal  field  splitting  in  the  octahedral  symmetry,  the  eg  states  are 
cr-bonded  and  are  at  deeper  binding  energy  among  the  bond¬ 
ing  molecular  orbitals  of  the  valence  band,  and  at  higher 
energy  among  the  antibonding  molecular  orbitals  of  the  con- 


hv 

Peak  I 

Peak  II 

Peak  III 

Peak  IV 

Peak  V 

60  eV 

Area 

0.158 

0.485 

0.749 

0.178 

0.056 

FWHM;I  (eV) 

1.160 

1.836 

2.680 

2.017 

2.004 

40  eV 

Area 

0.309 

1.141 

3.167 

0.749 

0.339 

FWHM  (eV) 

1.224 

1.839 

3.095 

2.012 

2.050 

“FWHM  =  full  width  at  half  maximum. 
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FIG.  5.  UPS  valence  band  spectra  of  annealed  (800  °C)  Ti02  on  a  logarith¬ 
mic  scale.  Six  peaks  are  required  to  fit  the  main  portion  of  the  valence  band. 
Two  peaks  take  the  place  of  peak  III  in  Fig.  4. 


O  K[  CB  states  (eV) 

FIG.  7.  Scaling  of  the  Ti02  valence  band  peak  energies  from  UPS  with  the 
peak  energies  derived  from  the  XAS  data. 


duction  band.  This  contrasts  with  the  behavior  of  the  eg  lev¬ 
els  in  crystalline  HfOi,  where  the  d  states  of  eg  symmetry  are 
n-bonded  and  lie  higher  in  the  valence  band  and  lower  in  the 
conduction  band.  Complete  removal  of  the  remaining  cZ-state 
degeneracies  occurs  with  cooperative  Jahn-Teller  distortions 
along  the  x,  y,  and  z  axes.  The  understanding  of  these  phe¬ 
nomena  is  grounded  in  the  experimental  evidence  from  XAS, 

UPS,  photoconductivity  measurements,  and  spectroscopic 

28 

ellipsometry. 


A.  XAS 

Transitions  in  O  Kl  x-ray  absorption  spectra  are  from  the 
O  Is  core  level  into  the  antibonding  molecular  orbitals  of  the 
conduction  band.  These  levels  are  more  purely  atomic  in 
character  and  more  closely  reflect  the  contributions  from  the 
transition  metal  atomic  states  than  those  of  the  valence  band, 
which  have  a  greater  contribution  from  the  O  ligands.”  Fig¬ 
ure  6  is  a  molecular  orbital  diagram  for  Ti  in  an  octahedral 
coordination  with  O  atoms,  included  as  a  basis  for  interpre- 
tation  of  our  results.”  Though  there  are  some  differences  in 
the  literature  about  the  ordering  of  the  s-  and  p  -derived  a ,  „ 


Ti  molecular  orbitals 

/ - T\u(°*) 


O 


4 p:  TW 


Tlg(n),  Tlu(n),  T2u( k)  {= 
T2g(V  ~ 
4/a),  E/a),  Tlu(a)  {=} 

4g(G)>  E/a),  Tlu(c)  — 


XAS  O  1C, 
conduction 
band 


jpo:  Alg,  Ee  Tiu 

Tlu,  T2„  Tlu  j  ups 

.  valence 
band 


sc.  A/g,  Eg,  Tju 


FIG.  6.  The  molecular  orbital  theory  diagram  for  Ti  and  O  atoms  in  an 
octahedral  coordination,  after  Cotton  (Ref.  20).  This  is  used  (see  text)  for 
interpreting  the  UPS  spectra  on  Ti02. 


26  30 _ 32 

and  tUl  states,”  '  “  we  follow  the  ordering  presented  in 

Cotton.  Hence,  we  assign  the  peaks  I-IV  in  the  Ti02  O  K  \ 
XAS  spectrum  of  Fig.  1  as  t2g,  eg,  alg  [Ti 
4-s  +  O  2p(cr) -derived],  and  tUt  [Ti  4p  +  0  2p(7r)-derived], 
respectively.  Mixing  among  the  Ti  4.?  and  4 p  states  is  ex¬ 
pected  to  cause  the  structure  of  peaks  III  and  IV.  The  local 
structure  of  group  IVB  oxides  follows  from  the  cr-bonded 
molecular  orbitals  and  the  symmetries  of  the  underlying 
atomic  states,  especially  those  of  the  metal  d  electrons.  For 
Ti02,  the  d  states  with  eg  symmetry  form  cr  bonds  with  the  O 
2 p,  while  those  of  t2g  symmetry  form  it  bonds. 

Complete  removal  of  the  rZ-state  degeneracies  has  been 
distinctly  observed  in  the  Ti  L3  XAS  spectrum  [see  Fig. 
2(a)]. ”s  The  average  difference  in  the  positions  of  the  rZ-state 
t2g  and  eg  contributions  is  about  2.8  eV.  The  energy  separa¬ 
tion  is  smaller  than  that  in  Hf02,  consistent  with  a  greater 
crystal  field  splitting  for  5 d  electrons  compared  to  3 d,  and 
also  reflecting  differences  in  the  number  of  O-atom  ligands, 
seven  or  eight  for  the  5 d  electrons  in  Hf02,  compared  to  six 
in  Ti02.  Further,  t2g  and  eg  d  states  are  triply  and  doubly 
degenerate,  respectively,  and  the  five  peaks  form  natural 
groupings  of  three  and  two,  in  qualitative  agreement  with  the 
molecular  orbital  derivation  of  rZ-state  materials  with  octahe¬ 
dral  symmetry.  These  same  features  are  present  in  the  O  Kl 
absorption  spectrum  (Fig.  1)  and  though  poorly  resolved,  are 
confirmed  by  the  one-to-one  correspondence  with  the  Ti  L3 
spectrum  [see  Fig.  2(b)]. 

Peaks  III  and  IV  of  the  O  K  {  spectrum  (the  Ti  4s  and  4 p 
contributions)  have  energies  more  consistent  with  anatase 
than  with  rutile/  The  shape  of  the  L3  spectrum  in  Fig.  2  is 
also  more  qualitatively  similar  to  XAS  spectra  of  anatase 

n 

surfaces  shown  in  the  literature  than  it  is  to  those  of  rutile. 

B.  UPS 

In  UPS,  the  photoemission  intensity  depends  on  the  total 
density  of  filled  states  and  the  transition  probability  or  pho¬ 
toemission  cross  section.  Valence  band  photoemission  spec- 
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tra  are  frequently  difficult  to  interpret,  primarily  because 
states  are  intrinsically  broad,  preventing  the  resolution  of 
closely  spaced  states  of  different  origins.  In  a  crystalline  ma¬ 
terial  E{k )  dispersion  must  be  taken  into  account.  However, 
local  structure  is  more  important  for  transition  metal  oxides, 
and  the  importance  of  dispersion  is  somewhat  lessened.  The 
samples  in  this  study  are  nanocrystalline,  and  so  the  data 
represent  an  average  over  the  crystal  orientations.  The  pho¬ 
toemission  spectra  of  Fig.  3  have  four  visually  apparent  con¬ 
tributions,  with  a  fifth  revealed  by  the  data  analysis.  This 
fifth  peak,  labeled  I,  represents  the  O  2 p  nonbonding  states  at 
the  top  of  the  valence  band.  It  is  important  to  note  that  final 
state  effects  are  dominant  for  the  valence  band  spectra  and 
prevent  a  complete  determination  of  symmetry  assignments. 
The  spectra  actually  represent  a  statistical  sum  over  various 
distortions  from  the  ideal  octahedral  structure.  The  molecular 
orbital  diagram  of  Fig.  6  indicates  that  the  cr-bonded 
^-derived  states  of  eg  symmetry  are  initially  degenerate  with 
s-  and  p-derived  states  of  alg  and  tlu  symmetry,  respectively. 
Possible  final  state  orderings  of  the  spectral  features  associ¬ 
ated  with  valence  band  molecular  orbitals  are  given  for  un¬ 
distorted  octahedral  molecules  in  Refs.  26  and  30-32.  As  an 
example,  we  have  assigned  peaks  II  through  V  as  a  mirror 
image  of  the  conduction  band  states.  In  this  case,  the  sym¬ 
metry  order  is  t2g,  eg,  a lg,  and  tiu,  respectively.  This  would 
follow  the  “most  probable”  ordering  of  Bersuker 1 1  for  octa¬ 
hedral  complexes.  Peak  II  is  the  7r-bonded  state  primarily  of 
Ti  cZ-state  and  O  2/7-state  character,  while  peaks  III  and  IV 
are  cr-bonded  states.  This  assignment  is  given  some  credence 
through  the  linear  scaling  between  the  conduction  band  and 
valence  band  assignments,  as  shown  in  Fig.  7.  The  four 
states  of  the  valence  and  conduction  bands,  t2g,  eg,  alg,  and 
tlu,  are  plotted  with  respect  to  each  other  showing  a  linear 
relationship  with  a  slope  of  0.56. 

The  Gaussian  peaks  in  the  fits  of  Fig.  3  are  not  intended 
to  supply  intrinsic  linewidths.  Single  peaks  have  been  used 
to  represent  the  eg  and  t2g  states,  which  show  evidence  of 
degeneracy  removal  in  the  XAS  spectra.  In  the  valence  band, 
such  state  separations  are  entirely  obscured  by  solid-state 
effects.  However,  the  average  separations  can  be  extracted 
and  are  given  in  Table  I  in  the  column  labeled  A d.  The  sepa¬ 
ration  is  2.0  eV  in  Ti02. 

The  UPS  data  acquired  in  this  study  were  taken  at  pho¬ 
ton  energies  of  40  and  60  eV,  which  are  on  opposite  sides  of 
a  photoemission  resonance  at  the  Ti  3/7— >3cZ  optical  absorp- 
tion  edge  at  47  eV.  Our  valence  band  spectra  show  a  much 
stronger  intensity  at  40  eV  than  60  eV,  as  seen  from  Table  II. 
A  comparison  to  valence  band  spectra  acquired  on  vacuum- 
annealed  Ti02  surfaces  of  anatase  and  rutile  at  photon  ener¬ 
gies  of  40-80  eV  would  appear  to  reveal  a  stronger  similarity 
to  the  resonance  behavior  of  the  anatase  surfaces  than  to 
rutile,  for  which  the  Ti  3 p  —  4s p  resonance  at  54  eV  is 
dominant.7  However,  it  is  clear  from  the  same  study  that  the 
CIS  spectra  derived  from  the  data  are  strongly  influenced  by 
sample  preparation  conditions  and  surface  defect  density, 
which  makes  any  comparison  to  our  nanocrystalline  samples 
tenuous  at  best.  Hence,  the  phase  of  the  unannealed  Ti02 
films  cannot  conclusively  be  identified  as  either  anatase  or 
rutile. 


In  Fig.  5,  peak  III  of  Figs.  3  and  4  has  been  replaced 
with  two  peaks.  This  additional  peak  was  necessary  to 
achieve  an  adequate  fit  and  is  evidence  of  an  underlying 
lahn-Teller  splitting,  as  seen  in  the  cr-antibonding  states  of 
the  XAS  data  but  unresolved  in  the  UPS  spectrum  for  the 
as-grown  film.  For  the  annealed  films,  which  have  larger 
crystallite  sizes,  these  effects  become  noticeable  even  in  the 
valence  band  data.  It  is  likely  that  the  films  convert  upon 
annealing  to  the  anatase  phase,  which  has  a  larger,  more 
complex  unit  cell.  The  requirement  of  an  additional  Gaussian 
peak  in  fitting  of  the  valence  band  is  suggestive  of  such  a 
transition.  As  discussed  earlier,  it  is  also  more  consistent  with 
the  features  in  the  XAS  data.  The  separation  of  the  two  re¬ 
placement  peaks  in  Fig.  5  is  about  1.6  eV.  The  separation  of 
the  average  position  of  these  two  states  from  the  t2g  peak  is 
2.1  eV,  similar  to  the  eg-t2g  separation  in  the  as-grown 
sample. 

The  band  gap  peaks  of  Fig.  4  are  defect  states  attribut¬ 
able  to  oxygen  vacancies.  Ti02  is  an  oxide  with  inherent 
oxygen  vacancies  most  accurately  described  as  Ti02_,5.  The 
states  have  been  chemically  associated  with  Ti203  in  studies 
of  ion-bombarded  surfaces  of  single-crystal  Ti02,  and  natu¬ 
rally  trivalent  oxides  show  the  same  intrinsic  Ti  3+  state 
energies.  Oxygen  vacancies  result  in  partially  filled  Ti  3d 
nonbonding  states  within  the  band  gap.  As  the  Ti  atoms  re¬ 
main  in  the  local  environment  of  the  nanocrystallites,  crystal 
field  splitting  and  lahn-Teller  distortions  are  expected  to  af¬ 
fect  the  defect  state  energies.  Hence,  we  observe  two  defect 
peaks  near  the  valence  band  edge,  a  probable  Jahn-Teller 
separation  of  a  single  Ti  3+  state  of  f2i,  symmetry.  These 
defects  are  the  subject  of  a  recent  paper. 

V.  CONCLUSIONS 

The  combined  XAS  and  UPS  study  of  Ti02  films  on 
silicon  has  revealed  a  correlation  between  the  electronic 
structure  of  the  conduction  and  valence  bands  and  the  mo¬ 
lecular  orbital  model  of  octahedrally  coordinated  Ti02.  The 
XAS  data  show  crystal  field  splitting  and  lahn-Teller  split¬ 
ting  corresponding  to  the  octahedral  bonding.  In  the  valence 
band,  the  employment  of  a  five-peak  model  based  on  mo¬ 
lecular  orbital  theory  was  found  to  be  suitable  for  fitting  the 
data.  Such  a  model  is  useful  mainly  for  extracting  the  ener¬ 
gies  of  valence  band  features  for  comparison  to  other 
samples  and  oxides,  and  for  comparison  to  data  from 
complementary  spectroscopic  measurements.  Uncertainty 
concerning  peak  widths  and  the  background  subtraction  lim¬ 
its  some  of  its  quantitative  usefulness.  However,  the  tech¬ 
nique  provided  a  systematic  way  of  examining  the  valence 
band  peaks,  especially  those  of  t2g  and  e„  symmetry  with 
mainly  Ti  3d-0  2p  origin.  Although  some  uncertainty  re¬ 
mains  as  to  the  origin  of  the  a ,  „  and  tlu  cr  bonding  and 
antibonding  states,  it  is  observed  that  the  valence  band  is 
contracted  in  energy  with  respect  to  the  conduction  band  and 
on  average  may  possess  an  inverse  symmetry  ordering. 

Two  features  in  the  electronic  structure  indicated  the  un¬ 
suitability  of  pure  Ti02  for  MOSFET  gate  dielectric  applica¬ 
tions.  First,  as  has  been  determined  elsewhere,  the  conduc¬ 
tion  band  offset  is  ~0  eV.  Second,  intrinsic  oxygen 
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vacancies  result  in  defect  states  above  the  valence  band  edge. 
Though  alloying  of  Ti02  with  other  transition  metal  oxides 
may  improve  the  conduction  band  offset,  it  is  not  expected  to 
remove  the  bandgap  defects. 
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